The study investigated the in¯uence of double-pulse transcranial magnetic stimulation (dTMS) on memory-guided saccade triggering. Double pulses with interstimulus intervals (ISIs) of 35, 50, 65 or 80 ms were applied over the right frontal eye ®eld (FEF) and as control over the occipital cortex. A signi®cant dTMS effect was found exclusively for contralateral saccades; latency of memory-guided saccades was reduced after FEF stimulation with an ISI of 50 ms compared to latency without stimulation. This effect proved to be speci®c for the ISI of 50 ms over the FEF because control stimulation with the same ISI over the occipital cortex had no signi®cant effect on latency of memory-guided saccades. The results of our study showed that, by using an appropriate ISI, dTMS is able to facilitate contralateral saccade triggering by stimulating the FEF. This suggests that TMS interferes speci®cally with saccade triggering mechanisms, probably by acting on presaccadic neurons of the FEF.
Introduction
The eminent role of the frontal eye ®elds (FEF) in saccade control has been known because the work of Ferrier and colleagues (e.g. Ferrier, 1874; Foerster, 1931) . The FEF is one of the cortical regions which is able to trigger saccades. In monkeys, low-intensity intracortical microstimulation of the FEF (e.g. elicits mainly contralateral saccades, and a subpopulation of FEF neurons discharges speci®cally before and during saccades . The activity of movement-related cells is intense before purposive saccades such as memory-guided saccades, but there is little activity during spontaneous saccades Schall, 1991) . The FEF has anatomical connections with the superior colliculus and the brainstem premotor structures (Leichnetz, 1981; Segraves & Goldberg, 1987; Stanton et al., 1988; Segraves, 1992) . Furthermore, saccade triggering and latency is correlated with the increasing presaccadic activity in the FEF in monkeys Schall, 1991; Hanes et al., 1995; Hanes & Schall, 1996; Everling & Munoz 2000) .
In humans and monkeys, lesions of the FEF result in an increased saccade latency and reduced gain of saccades (Guitton et al., 1985; Deng et al., 1986; Schiller et al., 1987; Rivaud et al., 1994) , particularly for purposive saccades (Rivaud et al., 1994; Dias & Segraves, 1999) .
Single-pulse transcranial magnetic stimulation (TMS) mainly produces inhibitory effects on the ocular motor system (Priori et al., 1993) with increased latency after stimulation of cortical regions known to be involved in saccade triggering. FEF stimulation increases latencies for saccades (Thickbroom et al., 1996) or for antisaccades (Mu Èri et al., 1991; Terao et al., 1998 ) when applied at a precise time window. Double or repetitive TMS (rTMS) cortical stimulation for exploring human brain physiology may have the advantage within a paradigm of intensifying weak or subliminal effects of single stimuli. Furthermore, depending on the stimulus parameters used, contrasting effects are also possible. There are only a few studies using rTMS in eye movement research, and both facilitatory and inhibitory effects have in fact been reported. Brandt (Brandt et al., 1998) used trains of 10 pulses with an interstimulus interval (ISI) of 25 ms and found inhibitory effects on memory-guided saccade performance. However, Li et al. (1997) using trains of ®ve pulses with ISIs of 40, 50 or 62.5 ms found a facilitatory effect on saccade triggering. These results suggest similar effects of ISI as shown for the motor system in general; the duration of the ISI of double TMS (dTMS) determines whether a facilitatory or inhibitory effect prevails (Kujirai et al., 1993; Nakamura et al., 1997) .
The aim of the current study was to examine the effect of dTMS on the performance of memory-guided saccades. We used different ISIs to investigate the interference with FEF function in saccade triggering.
Subjects and methods

Subjects
Twelve healthy subjects (three females and nine males) were examined and two of them were left-handed. Their mean age was 27 years (range 24±30 years). All volunteers had normal visual acuity. The study was approved by the local ethical committee of the University of Bern and was consistent with the Declaration of Helsinki. All subjects gave the their informed consent to participate the study.
Saccade paradigm and experimental design
In the memory-guided saccade paradigm ( Fig. 1) , the subjects were instructed to look at the central ®xation point (CF), which was timed pseudorandomly to appear for 1.5±2.5 s. Then a horizontal lateral visual target with unpredictable direction and amplitude (range 7± 22°) was¯ashed for 80 ms (Target). During a memorisation period of 2000 ms, the subject had to memorise the position of the¯ashed target. The extinguishing of the CF was the`go' signal for the subject to perform a saccade towards the memorised target. After another delay of 2000 ms the previously¯ashed target was shown, and the subject had to make a corrective saccade if necessary.
The subjects were seated in total darkness with the head ®xed to avoid head movements. Eye movements were measured bitemporally by means of electro-oculography (EOG; sampling frequency 400 Hz, bandwidth 0±100 Hz). The digitized signal was stored on the computer for off-line analysis.
TMS was applied by using MagStim high speed stimulator (MagStim Company Limited, Wales, UK). Two regions were stimulated with a ®gure-of-eight-shaped coil (diameter 70 mm): the right frontal eye ®eld (FEF) and the occipital cortex, 3 cm above the inion in the midline of the scull. The right FEF was localized according to previously described procedures (Mu Èri et al., 1991) , on average 2±3 cm anterior to the hand area (Mu Èri et al., 1991; Thickbroom et al., 1996; Ro et al., 1999) . To monitor the optimal coil position for FEF stimulation, we used the presence of muscle jerks in the small hand muscles. The handle of the coil was pointed backwards, and the direction of the inducing current was from posterior to anterior. For the experiments, the stimulus intensity was set to 65±68% of the stimulator output, which was in all subjects above the motor threshold. The subjects were examined in three sessions each lasting » 45 min. In each session trials with and without stimulation were acquired with randomly chosen ISIs. Double-pulse TMS with identical strengths were applied, the ®rst always simultaneously with the go signal (i.e. 0 ms), the second with variable ISIs (35, 50, 65 or 80 ms). For each ISI condition and direction 18 memory-guided saccade trials were acquired, and the mean latency was calculated. Furthermore, the mean gain for the ®rst saccade (A ®rst /A correct ) and ®nal eye position (A ®nal /A correct ) was calculated. For each subject, the mean percentage of change in saccade latency after TMS was calculated for the different tested ISIs by using the formula [1-(Latency TMS /Latency without TMS )] Q 100. In the control experiment, occipital stimulation with the same ISI was performed. Finally, the same parameters of memory-guided saccades were obtained without stimulation.
Statistical analysis was performed by using Kruskal±Wallis (nonparametric ANOVA) test for analysis of the different stimulation conditions for each region, and the Mann±Whitney U-test for comparing results obtained with and without stimulation.
Results
Latency
The effect of dTMS with different ISIs on memory-guided saccade latency in 12 subjects is presented in Fig. 2 . Stimulation over the right FEF had a signi®cant effect on leftward, i.e. contralateral, latencies (P = 0.02, Kruskal±Wallis test) but not on rightward, i.e. ipsilateral, latencies. The Mann±Whitney U-test revealed signi®cant difference between latencies without stimulation and those with 50-ms ISI stimulation (P = 0.006). In the control experiment with stimulation over the occipital cortex, the Kruskal±Wallis test revealed no signi®cant effects on contra-or ipsilateral saccade latency.
Percentage of change in saccade latency
These results are presented in Fig. 3 . The TMS effect speci®c for FEF stimulation showed on average a 33% reduction of saccade latency when applied with the critical ISI of 50 ms. On the other hand, the nonspeci®c effect of dTMS evaluated by occipital stimulation resulted in an » 10% reduction of saccade latency independent of the used ISI which was statistically not signi®cant. Statistical comparison of percentage reduction after FEF stimulation at ISI 50 ms showed a signi®cant difference (P = 0.02), compared to occipital stimulation.
Gain
Statistical analysis revealed no signi®cant effect of double-pulse TMS over the FEF or occipital cortex at any tested interval on ®rst saccade gain or gain of the ®nal eye position. 
Discussion
In this study, we have shown that dTMS facilitates speci®cally contralateral saccade triggering by reducing the latency of memoryguided saccades. Such an effect was found with an ISI of 50 ms; a shorter or longer ISI had no effect on saccade performance. The reduction of latency was speci®c to the stimulated region because dTMS with the critical ISI over the occipital cortex revealed no signi®cant reduction of latency.
It is well known from motor system physiology that TMS may provoke intersensory facilitation of reaction time (Romaigue Áre et al., 1997), and we evaluated the intersensory facilitation effect of dTMS in our experiment, an » 10% reduction of latency for occipital stimulation. This reduction was independent of the ISI and also found for ipsilateral latencies after FEF stimulation as well. However, the reduction of contralateral saccade latency after FEF stimulation with the critical ISI of 50 ms was » 30%, arguing against a simple intersensory facilitation for this ISI.
A further question arises as to whether the observed effect was due to a facilitatory effect of dTMS on FEF. The dorsolateral prefrontal region has an inhibitory function on eye movement triggering (Guitton et al., 1985; Braun et al., 1992) , and an inhibition due to double-pulse TMS on the inhibitory function of the dorsolateral prefrontal cortex might result in facilitation. Although the dorsolateral prefrontal cortex is not very distant from the FEF, it is very unlikely that this region was stimulated during the present experiments. The FEF in TMS experiments is well de®ned by its close spatial relation to the hand area (Mu Èri et al., 1991; Thickbroom et al., 1996; Ro et al., 1999) and allows a precise coil positioning for FEF stimulation. More importantly, TMS or lesions of the human dorsolateral prefrontal cortex have been known to increase the latency of memory-guided saccades (Pierrot-Deseilligny et al., 1995) and to decrease the gain .
Which mechanisms may explain the observed effect? One possibility could be a direct stimulation of cortico-bulbar or Double-pulse TMS facilitates saccade triggering 573 cortico-collicular projections to the premotor structures, such as may have been observed after direct electrical stimulation of the FEF. However, latencies of such directly elicited saccades should be much shorter than observed in our experiment. For the motor system, the central motor conduction time after TMS in humans is » 6 ms to the upper limb muscles (Mills, 1999) . In the monkey, saccade latency evoked by electrical stimulation of the FEF or of the superior colliculus (Robinson, 1972) is » 20 ms.
Interference of dTMS with cortical processing in the FEF seems to be more likely: (i) Presaccadic movement cells in the FEF Schall, 1991; Hanes et al., 1995; Hanes & Schall, 1996; Everling & Munoz 2000) have a low frequency and burst activity. It has been shown (Hanes et al., 1995; Hanes & Schall, 1996; Everling & Munoz 2000) that the latency of the saccade is closely correlated with the increasing activity of these cells. A high activity of the presaccadic neuron predicts a short latency of the impending saccade. An increase of this activity due to TMS might explain the shortening effect of contralateral saccade latency observed in our experiment. (ii) Recently, Burman & Bruce (1997) described in monkeys a subregion in the FEF with suppression cells. Stimulation of such cells results in an increase of saccade latency, and contralateral triggering of memory-guided saccades was most dramatically suppressed during stimulation, whereas visually guided saccades were less severely suppressed. Moreover, the same study has shown that stimulation of the saccade sites in the FEF often facilitated contralateral saccades whilst ipsilateral saccades were suppressed during stimulation.
In conclusion, the results of the present study suggest that dTMS of the FEF may interfere in a similar ways as shown for the motor cortex (e.g. Kujirai et al., 1993; Ziemann et al., 1996 ; Nakamura et al., 1997) or the parietal cortex (Olivieri et al., 2000) . Abundant studies using paired stimuli on the human motor cortex have shown that, depending on the ISI, the paradigm used and the stimulation intensity, both inhibitory and facilitatory effects can be produced with intervals from 3 up to 200 ms. The inhibitory or facilitatory effect of stimulation of the motor system seems to be a dynamic process and is thought to re¯ect mainly activation of intracortical interneurons (Ziemann et al., 1996; Chen et al., 1998) . Therefore, it seems to be a reasonable assumption that dTMS with an ISI of 50 ms over the FEF modi®es either presaccadic build-up activity or inhibits suppression cells in the FEF, resulting in facilitation of contralateral saccade triggering. Furthermore, our results reveal that dTMS has a small nonspeci®c and nonsigni®cant effect on saccade triggering which was independent of ISI or the stimulated region.
